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SUMMARY
The primary objective of the program was to develop and demonstrate
the technology required for fabrication of a lightweight-deployable
solar cell array. A baseline configuration for a three section
folding array, with retraction capability, was developed which would
utilize electroformed aluminum hollowcore substrates and beryllium
frames. The three section array was not fabricated-because of dif-
ficulties with impurities in the aluminum electroforming bath. A
procedure was developed for etching the copper mandrel from virtually
any size of aluminum hollowcore panel in approximately one hour.
Procedures were developed for analyzing the content of peroxide,
water, total aluminum, and lithium-aluminum-hydride in an aluminum
electroforming solution.
4045-Final
 ijLi
Page intentionally left blank
CONTENTS
1. INTRODUCTION 1
2. DESCRIPTION OF PROGRAM TASKS 3
2.1 Mandrel Evaluations 3
2.2 Electroforming Process Studies 3
2.3 Thermal Tests 4
2.4 Deployable Array Development 4
3. MANDREL EVALUATION ,• 5
3.1 Copper Mandrel Studies 5
3.1.1 Dissolution of Copper and Aluminum in
Nitric Acid 5
3.1.2 Dissolution of Aluminum in Nitric Acid
with Varying Concentrations of Copper
Nitrate 10
3.1.3 Dissolution Rates of Copper and Aluminum
in Contact in Nitric Acid 13
3.1.4 Extension of Idealized Lab Results to
Hollowcore Panel 17
3.2 Alternate Mandrel Material Evaluation 23
3.3 Mandrel Optimization Summary 27
4. PREPARATION OF HOLLOWCORE ETCHING EQUIPMENT 29
5. DEVELOPMENT OF TECHNIQUES AND PROCEDURES FOR SOLUTION
ANALYSIS 35
5.1 Solution Preparation 35
5.2 Peroxide Analysis 38
5.3 Water Analysis . 38
5.4 Total Aluminum Content Analysis 42
5.5 Lithium-Aluminum-Hydride Analysis 42
6. EQUIPMENT MAINTENANCE AND MODIFICATION 47
6.1 Maintenance and Modifications Completed 47
6.2 Recommended Future Modifications 49
7. PREPARATION OF 400 GALLONS OF ALUMINUM PLATING SOLUTION 55
4045-Final v
. CONTENTS (Contd)
\
S
8. THERMAL TESTING; SURFACE PROPERTY MEASUREMENTS 65
8.1 Absorptivity and Emissivity 65
9. BASELINE CONFIGURATION FOR THREE-PANEL DEPLOYABLE ARRAY 71
10. FABRICATION OF BERYLLIUM BEAMS 77
11. MECHANICS OF ARRAY DEPLOYMENT 79
12. PARAMETRIC ANALYSIS OF ALLOWABLE LOADS FOR CURVED BEAMS 83
12.1 Description . 83
12.2 Stress Analysis 83
12.3 Structural Stability Analysis 88
13. CONCLUDING REMARKS AND RECOMMENDATIONS 95
REFERENCES 97
4045-Final . vi
ILLUSTRATIONS
1. Dissolution Rates of Aluminum in Nitric Acid 6
2 Effect of Exposure Time on Dissolution Rate of Aluminum 7
3 Action of Nitric Acid on 2S-H Aluminum 8
4 Dissolution Rate of Copper in Nitric Acid 9
5 Effect of Copper Nitrate on Dissolution Rate of Aluminum 11
6 Effect of Copper Nitrate .on Dissolution Rate of Aluminum 12
7 Copper-Aluminum-Copper Sandwich with •• RTV Mask 14
8 Dissolution Rate of Aluminum in Contact tilth Copper 15
9 Dissolution Rate of Copper in Contact with Aluminum 16
10 Electroplated Copper Hollowcore Mandrel with Drilled
Land Spaces and the Symmetry Achieved 19
11 Samples of Hollowcore Panel, Masked with Ethylene-
Propylene Rubber and Unmasked, Selected for Testing 20
12 Geometry of Hollowcore Etching Holes 21
13 Three Hollowcore Etching Samples Showing Progress
of Etching at 10, 20, and 40 Minutes., , 22
14 6 inch by 8 inch Hollowcore Sample Etched in Approximately
One Hour 24
15 Acid Etch Facility Schematic 30
16 Etching Tank with Fume Hood Removed Showing Acid Heating Well 31
17 Etching Tank with Fume Hood Installed 32
18 Aluminum Electroform Plating Solution - Makeup and In-Process
Testing Flow Plan 36
19 Block Diagram of Water Analysis Setup 40
20 Laboratory View of Water Analysis Setup 41
21 Laboratory View of Lithium-Aluminum-Hydride Analysis Setup 44
22 Block Diagram of Lithium-Aluminum-Hydride Analysis Setup 45
23 Dual-Sided Glove Box Mounted on Solution Mixing Reactor 50
24 60 Gallon Capacity Plating Tank Installed in Blockhouse 51
25 Actual Cells and Simulated Cells (back side) 68
26 Actual Cells and Simulated Cells (front side) 69
27 Lightweight Aluminum Hollowcore Solar Array-Fully Deployed 73
4045-Final
 vii
ILLUSTRATIONS (Contd)
28 Lightweight Aluminum Hollowcore Solar Array-Stowed Condition 75
29 Lightweight Aluminum Hollowcore Solar Array-One-Third Deployed 76
30 Cable Speed versus Deployment Angle 80
31 Cable Speed versus Deployment Angle 81
32 Stress Analysis 83
33 Location of Maximum Stress from Central Axis versus
Tube Thickness , 86\
34 Allowable Bending Moment versus Wall Thickness 89
35 Modified Classical Buckling Coefficient as a Function of r/t 91
36 Critical Buckling Moment versus Wall Thickness 93
4045-Final
 viii
SECTION 1
INTRODUCTION
The primary objective of the program was to develop and demonstrate
the technology required for the successful fabrication of a light-
weight solar cell array and its integration into a deployable system.
\
The demonstration array was to be a three-section, 75 square foot
folding array which would utilize electroformed aluminum hollowcore
substrates and beryllium frames. This work was an extension of the
technology developed under Contract NAS7-428 and reported in NASA
CR-66832, Development of Lightweight Solar Panels.
The work completed during the term of this program and documented in
this report includes:
a. Development of the baseline configuration for the three-
section deployable array
b. Investigation of the mechanics of array deployment
c. Parametric analysis of allowable loads of curved beams
d. Preliminary definition of procedures for thermal testing
task
e. Maintenance and repair of the main plating facility equipment
f. Evaluation of aluminum electro-forming and mandrel etching
solutions
g. Analytical and experimental investigation of mandrel materials
and dissolution processes
h. Thermal surface property measurements on electroformed aluminum
with various surface treatments and on Kapton H-film with simu-
lated solar cell backup
i. Efforts directed toward preparing a 500 gallon batch of new
mixed ether aluminum plating solution
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Effort directed toward obtaining large quantities of aluminum
chloride of acceptable purity for this program
Developing techniques and procedures for analyzing aluminum
plating solutions
Fabrication of four beryllium tubes required for assembling
the third 5 foot by 5 foot aluminum hollowcore panel
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SECTION 2 -
DESCRIPTION OF PROGRAM TASKS.
The program was divided into four major tasks:
a. Mandrel evaluations
b. Electroforming process studies
c. Thermal tests
d. Development of a deployable array
The work included in tasks a through c provided the technology required
to achieve the primary objective of the program which was task d, the
development of a three-section deployable array. A description of the
objectives of each task follows.
2.1 MANDREL EVALUATIONS
a. Determine the optimum conditions for dissolution of a pure
copper mandrel from an electroformed aluminum hollowcore
b. Investigate the feasibility of using alternative mandrel
materials in the aluminum electroforming process
2 2
c. Summarize time/ft and cost/ft for each feasible mandrel
material alternative
2.2 ELECTROFORMING PROCESS STUDIES
a. Perform analytical and experimental investigations with the
goal of increasing the throwing power of the plating process
b. Investigate the functional relations between the plating
parameters and the skin thickness of the finished electroform
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2.3 THERMAL TESTS
a. Make absorptivity and emissivity measurements on electroformed
aluminum hollowcore specimens with and without thermal coatings
2.4 DEPLOYABLE ARRAY DEVELOPMENT . .
The objective of this task was to demonstrate the feasibility of using
the hollowcore panels in large-area deployable arrays. The program
design criteria and requirements to be met in th-is task were those given
in Chapter 2 of NASA CR-75370, Development of Lightweight Rigid Solar
Panel, Interim Design Report, EOS Report 7027-IDR. Where applicable,
the results of the tasks described in subsections 2.1 through 2.3 were
used in performance of this task.
a. Design a deployable array consisting of three 5 foot by 5 foot
panels utilizing electroformed aluminum, biconvex, hollowcore
substrates and beryllium frames.
b. Design the required mechanisms for deployment and latching of
the three-panel array. Consideration was given to the problem
of refolding the array in flight.
c. Calculate and analyze the thermal and dynamic characteristics
of the undeployed and deployed array.
d. Fabricate one hollowcore substrate and the necessary frames,
attachment hardware, and mechanisms for an array, as designed
in the preceding step a.
Two panels for the array were fabricated under Contract
NAS7-428 and were modified as required for use in the three-
panel array.
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SECTION 3
MANDREL EVALUATION
An optimization study of the mandrel forming and dissolution processes
was performed with an end item goal of minimizing mandrel costs. Pri-
mary emphasis was placed on understanding the dissolution phenomenon
and optimizing the methodology associated with the copper mandrel-HNO,,
etchant system presently used. Secondary efforts were expended evalu-
ating alternate materials.
3.1 COPPER MANDREL STUDIES
The first step applied was the experimental evaluation of the dissolu-
tion rates of copper and aluminum in nitric acid for various acid con-
centrations and temperatures. The obvious and most desirable result
being an acid concentration and temperature that has maximum dissolu-
tion effect on the copper mandrel with negligible dissolution of the
aluminum. This experimental effort was conducted in four steps, as
described below:
3.1.1 DISSOLUTION OF COPPER AND ALUMINUM IN NITRIC ACID
The dissolution rates of copper and aluminum in 50 percent and 70 per-
cent HNO_ were measured over the temperature range of 25 to 65 C. The
results of these tests are shown in Figs. 1, 2, 3 and 4. The dissolu-
tion rate of aluminum in inches per year (ipy) is plotted against tem-
perature in Fig. 1 and against time in Fig. 2. In both figures, the
acid attack on the aluminum is more pronounced at the lower concentra-
tion. This result is confirmed by data from the literature (Ref. 1)
as shown in Fig. 3. The data shown indicates negligible aluminum dis-
solution at high UNO- concentrations increasing markedly as the HNO_
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concentration decreases. It is also apparent in Fig. 2 that the dis-
solution rate based on longer exposure times decreases, indicating
that the aluminum forms a protective coating which progressively re-
tards the dissolution rate.
The dissolution of copper is shown in Fig. 4. Note that the dissolu-
tion increases markedly with increasing temperature and that the dis-
solution rate for 70 percent is much greater than that for 50 percent.
A corroborating comparable data point from the literature is difficult
to find with most of the data reported being taken at much lower acid
concentration levels (30 percent HNO. or less) (Refs. 2 and 3). The
general trend at these lower concentration levels indicates increasing
dissolution rates at increasing concentration levels.
3.1.2 DISSOLUTION OF ALUMINUM IN NITRIC ACID WITH VARYING CONCENTRA-
TIONS OF COPPER NITRATE
The acid solution that the aluminum plated mandrel will be exposed to
during the etching process will contain varying concentrations of copper
nitrate (Cu (N0_)«). The copper nitrate molar concentration will in-
crease from zero to about 0.2 during the complete dissolution of one
copper mandrel. The question has arisen as to the possible deleterious
effects of this constituent in the solution. To answer this question
and to establish whether or not some means of removing the copper ni-
trate from the solution as it forms is necessary; the following series
of tests were performed.
The dissolution rate of aluminum was measured in 50 percent and 70 per-
cent UNO., at 25 and 50 C for Cu(NO ) molar concentrations up to 0.2.
The results are shown in Figs. 5 and 6. As shown, the effect of in-
creasing Cu(NO~). concentration is not pronounced. However, the effect
of CuCNO-)- seems to be m<
acid concentration level.
( ~ more detrimental to the aluminum at the lower
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3.1.3 DISSOLUTION RATES OF COPPER AND ALUMINUM IN CONTACT IN NITRIC
ACID
In the aluminum plated copper mandrel configuration, the two metals in
mutual contact in the acid solution form a battery. This battery effect
was evaluated by physically creating a copper-aluminum-copper sandwich,
as shown in the photograph, Fig. 7. The sandwich was created by clamp-
ing a 0.050 inch copper plate between two aluminum plates with aluminum
screws. The edges were masked off with RTV silicone rubber to expose only
the one side shown in the picture. It was established earlier that the re-
action rate of copper is very much greater than that of aluminum. For
instance, dissolution rates for copper were obtained from a 30 second ex-
posure while most of the aluminum data is based on a 6 hour exposure time.
By limiting the amount of exposed copper relative to the exposed aluminum,
it was possible to run the test for sufficient time to obtain measurable
results on the aluminum without completely dissolving the copper.
Dissolution rates for copper and aluminum in the sandwich form are shown
in Figs. 8 and 9. Note that the rates for aluminum are higher by a
factor of 2 or more over the rate for the singularly tested metal. A
certain portion of this increase is to be expected due to the shorter
exposure time (refer to Fig. 2). The data has been extrapolated to an
equivalent 6 hour exposure time, and an actual increase of about 50 per-
cent is estimated to be attributable to the battery effect. It is ap-
parent that the dissolution rate of copper is unaffected by the battery
effect. One of the more significant findings became apparent during
this phase of the testing, to wit: under certain conditions a black
oxide-like coating would form over the copper, completely stopping the
copper dissolution. This coating could be rinsed off quite readily
with distilled water; however, the coating would reform with the same
effect under the same acid exposure conditions. This phenomenon has
been observed on prior lightweight structure programs. In fact, in
the past, the etching process included periodic rinsing of the aluminum-
plated copper mandrel with water to reinitiate the dissolution process.
4045-Final 13
H•H3X!U
•rH3•aCOCOi-l01aaouEc•1-1B0)exao01S-l
4045-Final
14
>-
a.
u
c
t
<
ex.
o
o
co
CO
5
DISSOLUTION RATE OF
ALUMINUM IN
CONTACT WITH
COPPER
{1/2 HOUR TESTS)
50V. HNO3
70VoHNO3
0.5-
0
25 50
TEMPERATURE
Figure 8. Dissolut ion Ra te of A l u m i n u m in Contact
wi th Copper (1/2 Hour Tests)
4045-Final 15
7000
9= 6000
O
0)
u
c
O
\—
Z>
O
CO
O
5000
4000
3000
2000
1000
0
DISSOLUTION RATE
OF COPPER IN
"CONTACT WITH
ALUMINUM
(1/2 HOUR TESTS)
50% HNO3
30V. HNOa
, REF. 2ond|3
25 50 75
TEMPERATURE-^ °C
Figure 9. Dissolution Rate of Copper in Contact
with Aluminum (1/2 Hour Tests)
IV.
O
4045-Final 16
During the test program just completed, the oxide-like coating was most
likely to form at 70 percent HNO_ and 25 C. The formation of this coat-
ing could be precluded by any one or more of the following:
a. Heating the acid bath to a temperature in excess of 40 C.
b. Reducing the acid concentration to 50 percent HNO_.
c. Vigorously agitating the solution.
3.1.4 EXTENSION OF IDEALIZED LAB RESULTS TO HOLLOWCORE PANEL
Summarizing the results obtained from the first three steps, we find:
a. The HNO., acid attack on aluminum is lower with higher acidic
concentration.
b. The dissolution rate of copper increases with increasing
temperature and increasing acid concentration with the rate
at 50°C and 70 percent nitric being appreciably higher than
the rate for 50°C at 50 percent nitric.
c. A black oxide-like coating forms on the copper at the high
acidic concentrations and lower temperatures. This coating
can completely stop the copper dissolution.
The coating formation can be precluded by elevating the acid
temperature, lowering the acid concentration or vigorously
agitating the solution.
Extending the observations noted above to the etching of an actual
hollowcore panel, the following test conditions were selected:
Acid concentration: 70 percent HNO
Acid temperature: 50 C
The test specimen for this sequence of testing was taken from an alumi-
num electroplated copper hollowcore mandrel that was fabricated on a
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prior contract. The first hollowcore panel etching was predicated on
acid entering the aluminum hollowcore structure from the periphery. As
long as 2 to 3 weeks were required to remove the copper under these con-
ditions. Later, it was decided to drill a hole in each land space (as
shown in Fig. lOa) to expose more copper to the acid and achieve the
dissolution at a faster rate. With this "etching hole" drilled as shown,
a symmetry is achieved which allows one to model the etching process for
any size panel, as shown in Fig. lOb. A picture of the sample selected
for testing is shown in Fig. 11. The edges were masked off with
ethylene-propylene rubber to ensure that all etching would take place
through the special hole drilled for this purpose.
The initial configuration tested had the hole drilled through one of
the aluminum face sheets and halfway through the copper mandrel, as
shown in Fig. 12a. Visual observation during testing of this configu-
ration showed the etching reaction slowing to a stop under acid tempera-
ture and concentration conditions that were not anticipated, based on
prior tests. Examination of the copper showed the black oxide-like
coating previously discussed. The buildup of this coating is attributed
to the gases formed by the reaction of copper with nitric acid.
Gases formed by the initial reaction completely fill the small cavity
and stop the reaction which apparently gives the black coating a chance
to start to form. The gas bubble escapes, liquid fills the cavity, and
the process repeats. This continues until there is a sufficient build-
up of the coating to completely stop the reaction. The final static
condition is shown in Fig. 12b.
This condition was eliminated by drilling the special etching hole
through both aluminum face sheets and completely through the copper
mandrel, as shown in Fig. 12c. This configuration has a chimney-like
effect, drawing liquid in the bottom and forcing the gases out the top.
The reaction does not stop and is carried to completion. Figure 13
4045-Final 18
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Figure 10. Electroplated Copper Hollowcore Mandrel with Drilled
Land Spaces and the Symmetry Achieved
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Figure 12. Geometry of Hollowcore Etching Holes
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shows a section taken through 3 samples at 10, 20 and 40 minutes in a
70 percent HNO_ bath at 50 C. It is apparent from the 40 minute sample
that the etching process is nearly complete, and in general 1 hour is
considered to be the nominal etching time for the copper mandrel.
A 6 by 9 inch sample was etched out in a flat pan to verify the scaling
model. The resulting hollowcore sample is shown in Fig. 14. The copper
mandrel was etched out in a little over 1 hour with the edge members
completely sealed with ethylene-propylene rubber.
The recommended etch configuration, based on the result of the studies
just described, is as follows:
a. Acid concentration: 70 percent HNO-
b. Acid temperature: 50 C
c. Mandrel preheated
d. Aluminum plated copper
mandrel configuration: a through hole in each land area
For the conditions recommended, it is anticipated that virtually any
size hollowcore panel may be etched completely free of copper in approxi-
mately 1 hour.
3.2 ALTERNATE MANDREL MATERIAL EVALUATION
Concurrent with the copper mandrel experimental evaluation described
in the previous section, the literature was surveyed to identify poten-
tial alternate mandrel materials. This literature survey material
evaluation included metals, plastics, and the respective etchant for
each candidate mandrel material. The conclusion reached was that the
copper-nitric acid system presently used is the most appropriate.
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Metal dissolution rate data for various etchants is summarized in
Table I. Note that, of the group evaluated, the copper-nitric acid
dissolution rate is the highest, leading to the general conclusion
noted above.
The potential use of plastics as a mandrel material was also pursued.
Styrene, acrylic, polypropyline, and ABS plastics were considered.
Etching solutions for these materials include toluene, methyl-ethyl-
ketone, acetone, and the chlorinated ketones. Dental wax and the
"lost wax" material used in investment casting were also considered.
The principal advantages to be gained from using plastic materials is
the low material cost plus the fact that they could be made quite
cheaply once the appropriate molding techniques were developed.
Principal disadvantages to the use of plastic materials include:
a. The general hollowcore configuration is difficult to cast
or mold.
b. The resulting molded structure would be quite fragile and
as such would present handling problems.
c. These materials require a conductive coating prior to
aluminum deposition.
d. The ether plating solution would dissolve many candidate
materials and the methods that may be developed for the
prevention of same could deter the eventual etching process.
e. Initial tooling costs for injection molding or casting would
be quite high ($10,000 is a representative cost for the
5 by 5 ft configuration being fabricated under this contract)
Further, the tooling cost would not be recoverable if a
different configuration were required.
These rather negative aspects, coupled with the positive result from
the copper mandrel evaluation study, lead to the following conclusion:
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TABLE I
ALTERNATE MANDREL MATERIAL
DISSOLUTION RATE SUMMARY
Material Etchant
Temperature
Copper
Iron
Lead
307. HN03
387. H SO,
277. HN00
25
60
25
Dissolution Rate
(ipy)
116
25
14.3*
54.5
Copper
Magnesium
Iron
Aluminum
Aluminum
Aluminum
4% NH4OH
Salt Water
277. HN03
307. HNO
707. HNO
OQ<V it onjo /. n~ oU /
25
25
25
50
10.6
9.7
1.15
0.11
0.03
0.5
* with agitation
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The optimization of the copper mandrel-nitric acid etchant system
should be expanded to include an optimum mandrel fabrication configu-
ration. This optimized fabrication configuration, coupled with the
optimal etching procedure recommended in the previous section will
lead to minimum panel fabrication time and minimum costs.
3.3 MANDREL OPTIMIZATION SUMMARY
An optimal structural hollowcore mandrel configuration has been estab-
lished (Ref. 4). This particular configuration leads to a minimum
weight panel, but has the disadvantage of being difficult and expen-
sive to produce.
One of the more stringent fabrication requirements which must be met
is the close tolerances associated with the hole center location and
the hole maximum diameter, to wit: in the minimum weight configuration,
the land width between holes is 0.050 inch. To prevent the overlapping
or breakthrough that would accompany a relatively inexpensive machining
process (such as punching) each hole is individually bored. This is
time consuming and costly. In addition, the optimum structural con-
figuration leads to a considerable dendritic growth at the edge of each
hole diameter.
The time required to fabricate the copper mandrel can be decreased and
the dendritic growth at the hole diameter can be eliminated by increas-
ing the land width between holes. That is, if the land width is wider,
the close tolerances on the hole locating dimensions and hole diameter
can be relaxed. This would permit the use of more rapid, less expensive
machining techniques. Better yet, there would be certain instances
where "off the shelf" perforated sheet could be used. Using this ap-
proach, the techniques already developed for inducing the required
mandrel curvature could be used. Standard perforated sheet stock has
been used as mandrel material in the past. The wider land width
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attendant with a mandrel of this type leads to better aluminum plating
with virtually no dendritic growth at the hole diameters.
One step of the fabrication process would remain, however. The sharp
corner at each hole diameter on each side of the mandrel must be radi-
used to prevent a stress concentration in the final aluminum hollowcore
structure. It is anticipated that a relatively inexpensive hand tool
can be developed for use by unskilled labor to achieve this result.
There is a weight penalty associated with the broader toleranced hol-
lowcore panel. It has been established, however, by work done under
prior contract and documented in Ref. 4 that optimal range on the mini-
mum weight curve is rather broad. As a result, the incremental weight
penalty on the final all up panel is not significant.
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SECTION 4
PREPARATION OF HOLLOWCORE ETCHING EQUIPMENT
In the previous sections it was established that the copper mandrel can
be etched out in a relatively short period of time. This is predicated
on maintaining the acid at 50 C or greater. This conclusion was not
anticipated and as a result certain previously conceived facility re-
quirements have been eliminated and others have been altered. It was
anticipated, based on past experience, that the etching process would
require several days and that the acid bath temperature would have to
be controlled over a rather narrow band. This would have required a
complete heating and cooling unit with appropriate controls.
The results obtained eliminate the need for the cooling unit and sim-
plify the heating requirements. The etching facility is shown sche-
matically in Fig. 15. As shown, the facility consists of a tank, cir-
culation pump, heater well for immersion heaters, thermostatic controls
and acid supply drums. The tank is filled by the pump from the supply
drums. The supply line enters the tank at the heater well, and the
heaters control the acid temperature to a minimum of 50 C. Once the
tank is filled the circulation pump maintains a constant circulation
rate to preclude temperature and concentration gradients within the
liquid in the tank. Photographs of the acid tank are shown in Figs. 16
and 17 with and without the hood.
A thorough investigation was conducted to ensure that the acid chilling
unit was not required to prevent overheating of the acid. Some of the
analytical efforts are herein summarized:
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The chemical reaction describing the etching process:
4HNO + Cu - Cu(NO ) + N^ + 2H 0 + heat
The heat of reaction is:
1200 BTU/lb copper reacted
There are about 25 pounds of copper per 5 ft x 5 ft panel, hence:
30,000 BTU/hollowcore panel
It has been established in a previous section that about 1 hour will
be required to completely dissolve a panel; hence, the average heat
generation rate is approximately 30,000 BTU/hr. The acid tank, when
filled, will hold about 3000 Ib of nitric acid. If all of the heat
generated by the dissolution of one copper mandrel were to be absorbed
by 3000 Ib of acid, the temperature rise of the acid would be about 9 C,
With the initial acid temperature at 50 C, this 9 C rise is completely
acceptable. (Several hollowcore samples were etched at 85 C with no
deleterious effect.) In actual fact, however, the aluminum plated
copper mandrel will be placed in the tank prior to filling. When the
mandrel is in place the acid is added at a rate of about 10 gpm. At
this fill rate it will take about 11 minutes to completely cover the
mandrel with acid. The maximum acid temperature rise rate will occur
during this first 11 minutes, and the
ture rise will occur during this time.
 largest part of the 9 C tempera-
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SECTION 5
DEVELOPMENT OF TECHNIQUES AND PROCEDURES FOR SOLUTION ANALYSIS
5.1 SOLUTION PREPARATION
In order to predict and control the material characteristics of the
finished electroform, it is necessary to institute in-process check\
points in the solution preparation and plating procedures. The flow
diagram for this process, from the receiving of raw materials through
the plating of the work piece, is shown in Fig. L8. Typical values
of mix ratios for preparing the hardened aluminum bath are shown on
the flow diagram. Four quantitative evaluations of the aluminum plat-
ing solution, or of the raw materials which form the solution, or of
the solution, are identified in this diagram. They are:
a. Peroxide content evaluation
b. Water content evaluation
c. Total aluminum content analysis
d. LiAlH, molarity
The procedures and equipment used for each of these quantitative analyses
are given in the subsequent sections.
As shown in Fig. 18 the raw materials for the aluminum plating solution
are inspected for damage and certification compliance. The chemicals are
then transferred to a controlled storage area. Prior to beginning the
mixing operation, the ether and anisole are checked for excessive peroxide
and water content. An excessive amount of either peroxide or water is
cause for rejection. Excessive peroxide in ether is a potential safety
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Figure 18. Aluminum Electroform Plating Solution - Makeup and In-Process
Testing Flow Plan
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hazard. Excessive water in the ethers reacts with LiAlH4 when added
which necessitates the addition of excess hydride to achieve the desired
concentration.
After the anhydrous diethyl ether and anisole are mixed in the ratio of
two to one, anhydrous aluminum chloride powder is added in the amount of
3.8 pounds per gallon or greater. The resulting AlCl-j molarity is
deduced after determining total aluminum content. The AlCl^ molarity
should be at least 3.4M at this point, since further additions of A1C1.,
after the LiAlHA has been added have proved unsatisfactory.
The LiAlHA is purchased in ether solution at a concentration of 4.0M to
5.0M. A sampling of the hydride is analyzed prior to adding it to the
solution to verify the molarity as certified by the manufacturer. The
amount of LiAlH, solution to be added to the AlCl-j is calculated to
produce a minimum of 0.32M LiAllfy in the final solution. A check of
total aluminum content and hydride molarity is made after the mix is
complete. If the hydride molarity is not at least 0.32M, additional
hydride is added.
After the solution is thoroughly mixed and filtered, a sample is drawn
and returned to Pasadena where 2-inch by 6-inch flat plate samples are
plated using the current density, bath temperature, and circulation rate
which will be used for plating the final work piece. These samples are
then tested to verify that the required strength and ductility have been
achieved. If these properties do not meet specifications, further
adjustments of hydride molarity and plating parameters can be made at
this point. The work piece can now be plated in the large cell with
reasonable assurance that an acceptable aluminum deposit will result.
After each plating, a sample is taken and recycled through the molarity
checks and test specimen check as shown in Fig. 18.
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5.2 PEROXIDE ANALYSIS
Peroxide, if present in the ether or anisole solutions, can lead to
explosions during subsequent operations. As a result, peroxide content
above a certain level is sufficient to reject a batch of ether or
anisole. The test procedure for peroxide analysis is as follows:
PROCEDURE
1. Transfer 10 ml of iron (II) thiocyanate to a glass-stoppered
bottle from which the air has been displaced by carbon dioxide.
2. Fill the bottle to the brim with the solution (ether or anisole)
to be investigated, and insert the stopper in such a way that
no space remains above the liquid level.
3. Shake vigorously and allow it to stand for 5 minutes protected
from the light.
4. If the ethereal phase is pink, the peroxide content is above
0.00015 percent. Peroxide content below this level is con-
sidered acceptable.
Preparation of Iron (II) Thiocyanate Reagent:
1. Mix 3 ml of 2.5M sulphuric acid with 35 ml of distilled water
and boil to remove oxygen.
2. Dissolve 1 gram of iron (II) sulphate in the boiling solution
and, after cooling, dissolve in it 0.5 gram potassium thiocyanate,
The red color due to iron (III) thiocyanate is removed by adding
small pieces of pure iron wire.
3. Store in an oxygen-free atmosphere.
5.3 WATER ANALYSIS
The purpose of this test is to determine the water content in either the
diethyl ether or the anisole. The presence of water above a certain
level in either of these fluids creates undesirable by-products when
mixed with A1C13 or LiAlH^. The method utilized is titration with a
Karl Fischer reagent. This method is widely used for determining water
content.
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The basic Karl Fischer reagent is a solution of iodine, sulfur dioxide,
and pryridine in methanol (in the Fisher Stabilized Reagent, Methyl
Cellosolve). Iodine reacts with water in the presence of sulfur dioxide,
while the pyridine combines with acid products which would reverse the
reaction, and also serves as a carrier for the sulfur dioxide.
The dark brown to yellow iodine color of the reagent disappears as the
iodine is reduced by water to colorless hydriodic acid. At the endpoint,
when all the water has reacted, the dark color of free iodine persists.
The titration is considered complete when the color remains for a pre-
determined length of time.
The laboratory test set up is shown in Figs. 19 and 20. As shown, the
equipment consists of a reservoir, metering buret, stirring motor, and
millivolt meter. The millivolt meter is used, rather than visual means,
to indicate the change in potential that occurs when all of the water
is reacted and free iodine exists in the fluid. The procedure for
analyzing the water is as follows.
PROCEDURE
1. Fill reservoir with standarized Karl Fischer reagent.
2. Add 50 ml of the fluid to be analyzed to the reaction vessel.
3. Place glass and platinum electrodes in the fluid and connect to
a millivolt meter.
4. While gently stirring the fluid, by means of the stirring motor
and stirring bar, add the Karl Fischer solution at the rate of
one drop every 10 seconds.
5. Continue adding the Karl Fischer solution until a marked change
in millivolt output is noted on the meter.
6. Stop adding the Karl Fischer solution when the new millivolt
output level is constant.
7. Convert number of drops of K.F. solution added to the water
content of the solution being analyzed, i.e., one drop of K.F.
solution reacts with X gm of 1^0 in 50 ml of fluid. Therefore,
the total number of grams of water in the 50 ml is equal to
NX when N is the total number of drops added.
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Figure 19. Block Diagram of Water Analysis Setup
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Figure 20. Laboratory View of Water Analysis Setup
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5.4 TOTAL ALUMINUM CONTENT ANALYSIS
The total aluminum content in either the aluminum chloride or lithium-
aluminum hydride solution may be determined by a standard gravimetric
analysis. (Standard colorimeteric or titrimetric analyses could also
be used.) The gravimetric procedure is as follows.
PROCEDURE
1. To a 5 ml sample of either A1C13 or LiAlH^, add l^O drop wise
until reaction stops.
2. After reaction is complete, dilute the solution to 50 ml.
3. Add 12.5 ml of solution containing 5 gm ammonium chloride
per 200 ml H20.
4. Add 3 drops methyl red.
5. To the solution resulting from steps 1 to 4, carefully add
diluted ammonium hydroxide drop until the solution has a whitish
color. (The solution pH at this point will be between 6.5 and
7.5.)
6. Boil the solution for 1 to 2 minutes and filter at once on
paper.
7. Wash the precipitate thoroughly with a hot. 2 percent solution
of ammonium chloride.
8. Wrap the moist precipitate in its paper, dry, char, and ignite,
finally for 5 to 10 minutes at 1200°C.
9. Cool in a desiccator, weigh, and repeat the ignition until a
constant weight is obtained.
10. The final residue is aluminum-oxide (AloOo). The weight of
aluminum in the residue can be deduced which can then be related
to the total aluminum content in the solution being tested.
5.5 LITHIUM-ALUMINUM-HYDRIDE ANALYSIS
The lithium-aluminum-hydride (LiAlH^) content is determined by reacting
the plating solution with water. This reaction evolves hydrogen gas
which is thoroughly dried and then reacted with copper-oxide which gives
water vapor as a product of reaction. This water vapor is trapped in a
desiccant tube and weighed. The water weight is then converted to LiAlH,
molarity by stoichiometric analysis.
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A photograph of the laboratory set-up is shown in Fig. 21 and a block
diagram in Fig. 22. The procedure for analyzing LiAlfy is as follows
PROCEDURE
1. The apparatus is set up as shown in figure 21. The weight of
the second desiccanttube has been determined and recorded.
The heating coil on the copper oxide tube has been energized
and the CuO is glowing red.
2. Purge the system with helium gas. The test is ready to run
when the weight change with time of the second desiccant tube
reaches a minimum value. The helium gas runs continuously
during the analysis.
3. Pipe the 15 ml of plating solution into reaction vessel and
turn on the magnetic stirrer.
4. Add water drop wise through the pressurized separatory funnel
until the reaction is complete. This will take about 10
minutes.
5. Continue the helium purge for at least 5 minutes after the
reaction ceases.
6. The second desiccanttube is weighed and the gain is recorded
as water.
The basic stoichiometric equations are as follows:
Water and lithium-aluminum-hydride
LiAlH4 + 4H20 - LiOH + A1(OH)3 + 4H2
Copper oxide and hydrogen gas
CuO + H2 -* Cu + H20
Hence, 1 mole of LiAllh reacted will result in 4 moles of H20 vapor
evolved at the copper oxide tube.
4045-Final 43
4045-Final
44
ex4-10)
V)
•o•HM•oc•Hf
.
4-1
•H-IB03M00TO0opqCxiCM0)H60
4045-F
inal
45
Page intentionally left blank
SECTION 6
EQUIPMENT MAINTENANCE AND MODIFICATION
6.1 MAINTENANCE AND MODIFICATIONS COMPLETED
At the start of this program it was determined that the 200-gallon
mixing tank (reactor) was plugged at the base outlet and was completely
filled with some form of the aluminum plating solution. A new top access
flange was fabricated and installed that would permit removal of surface
liquids out the top of the mixing tank. Approximately 150 gallons of
liquid (mostly diethyl ether ) was withdrawn.
After further inspection it was determined that approximately 50
gallons of solids and semi-solids were still in the mixing tank block-
ing any further outlet of liquid. The solids appeared to be mostly
aluminum chloride hydrate slurry which had settled out of solution.
A long-term leakage of moisture through the seal around the agitation
drive is believed to have caused the formation of hydrate.
The normal outlet pipe at the bottom of the mixing tank was discon-
nected from the rest of the plumbing system and a combination water
inlet and liquid release manifold was attached at the base outlet.
Using a carefully controlled technique of combining nitrogen gas
pressure at the top of the trapped solids and pressurized water in-
jection at the base of the solids the blockage was slowly dissolved.
Violent exothermic chemical reactions occurred each time water was
permitted to come into contact with the aluminum chloride. Monitor-
ing the tank outlet temperature-pressure readings and careful regula-
tion of the water inlet was required during this process in order to
avoid damage to the mixing tank. After the blockage was removed from
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the outlet, the unit was opened and cleaned first with water and later
with acetone. All flange gaskets were replaced and the stirring shaft
gland was cleaned and tightened. Five additional inlet-outlet tubes
were installed on the top of the mixing tank for increased versatility
and emergency options possibilities.
Associated with the mixing tank leakage problem was damage to brass
pipe fittings and stainless steel tubing in the system. Excess water
reacts with the AlCl to give HCl which attacks the fittings and tubing.
Over 30 brass tubing fittings have been replaced with stainless steel
fittings or eliminated in the total system by welding selected lengths
of stainless steel tubing. Over 10 feet of pipe was replaced because
of tubing wall failure and an additional 20 feet of new tubing was
installed into the plumbing system. Most of the new tubing was in-
stalled as part of a plating tank bypass and secondary flowmeter
system. The single speed plating solution pumps can now accommodate
any size of plating tank at any flow rate up to six gallons per minute.
At the start of this program it was observed that three out of four
solution temperature sensors were inoperative. As the leaking tube
fittings were being replaced, each temperature sensor was removed
from the system and carefully inspected. It was discovered that the
three inoperative temperature sensors had been partially dissolved by
the plating solution. The mercury that normally fills each tempera-
ture sensor had drained out into the aluminum plating solution. All
inoperative sensors were removed and sent to the manufacturer for
repair. One of the three was found to be damaged beyond repair. The
other two were refilled with mercury, resealed, and recalibrated. The
corrective action taken in order to prevent a repeat of this problem
was the purchase of three stainless steel sheaths. A sensor sheath
will positively protect the temperature sensors from further chemical
attack.
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As reported in the second quarterly, a new glove box was purchased
for the Pomona blockhouse facility. It is a double window, four glove
device with special modifications to permit installation on top of the
aluminum chloride continuous feed system. The glove box was internally
coated with Keysite 100 phenolic plastic. Special liquid feedthrough
tubing fittings were installed between the base of the glove box and a
modified flange plate on top of the mixing tank. The tubing fittings
permit easy addition of lithium aluminum hydride from the glove box to
the reactor or easy withdrawal of plating solution samples from the
mixing tank into the glove box. The glove box has a transfer chamber
with nitrogen gas and vacuum capabilities. The entire unit has been
installed and has been used to process 2000 pounds of aluminum chloride
to date in the current program. This unit is shown in Fig. 23 mounted
on the aluminum chloride dry feeder. It is a positive aid to the dif-
ficult problem of plating solution preparation. Figure 24 shows the
60 gallon capacity plating tank installed in the plating facility system.
6.2 RECOMMENDED FUTURE MODIFICATIONS
To achieve more consistent and less expensive results with electro-
plated aluminum hollowcore structures, the plating cell in Pomona was
evaluated and the following recommendations for modification are made.
At present, there is no way to prevent newly mixed aluminum
plating solutions from being contaminated by the sludge and
sediment built up in the underground storage tank from pre-
vious aluminum plating solutions. Therefore, to correct
this problem, the following tasks must be accomplished.
1. Open existing storage tank, clean and modify for better
access (manhole, multiple inlets and outlets).
2. Install an additional underground storage tank, with
the same modifications as above, in order to accommodate
different mixtures of aluminum plating solutions for
different applications.
3. Install an above-ground settling basin to trap any solids
which pass through filters before they get into storage
tanks.
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Figure 24. 60 Gallon Capacity Plating Tank Installed in Blockhouse
4045-Final 51
4. Institute a regular maintenance schedule which would
include agitation of the plating solutions within the
storage tanks by the use of nitrogen gas and the circu-
lation of solutions through clean filters.
b. Reassemble plumbing network utilizing the following improvements,
1. Install flange fittings on all major components such as
filters, pumps and manifolds. This would eliminate the
present brass fittings in the system which are being dis-
solved by the solution and would make periodic maintenance
faster and more efficient.
2. Remount heat exchanger into a vertical position to permit
complete drainage when the facility is closed down for
short periods of time.
3. Replace 90 angle elbows with welded radius bends to elim-
inate present solution restriction. The improved circula-
tion would also help in maintaining constant solution
temperature which is extremely important in producing a
good aluminum plate.
c. Modify control panel with complete routing diagrams on face of
panel for faster, safer, and more efficient operation.
d. Replace the fire hazard wooden platform inside the block house
with welded metal supports and metal mesh flooring.
e. Obtain a second aluminum garage to serve as a clean room
assembly area for all anode-cathode packages. The garage
should also be modified (sink, electrical power, ventilation)
so all nitric acid etching of aluminum plated copper mandrels
could be accomplished in the same area.
f. Installation of a backup reserve vacuum system for safety and
to insure against any failures during plating operations.
g. Install a hard mounted 300 ampere power supply cable with
explosion-proof quick disconnect connectors. This would make
electrical hookup of mandrel packages faster, more efficient,
and definitely safer.
h. Install an open top waste pit for disposing of all waste plat-
ing solution.
i. Install a pedestal-mounted vise for the purpose of proper pipe
assembly.
j. Purchase a helium leak detector so that entire system can be
checked for leaks, thus preventing any atmospheric contamina-
tion of aluminum plating solution.
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k. Install a cryogenic condenser in the present vacuum system
just prior to the vacuum pump. This would stop all HC1 fumes
and ether gas (which presently cause the pump to break down
periodically) from passing through pump.
1. Install a complete area intercommunication system, since at
present it is impossible to communicate between areas during
normal plating sequences or during periods of emergency
conditions.
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SECTION 7
PREPARATION OF 400 GALLONS OF
ALUMINUM PLATING SOLUTION
During the term of this program, the preparation of 200-gallon mixing
tank batches of plating solution was started four times using three
different shipping lots of aluminum chloride. The first start was
delayed before any chemicals were processed when the aluminum chloride
was destroyed by water damage incurred when the Pomona Fire Department
controlled a small fire in the chemical storage area. Identical alu-
minum chloride was reordered and a new storage area, separate from the
hydride storage, was set up. The second start proceeded through the
addition of Aid- to the ether-aniosole mix. The process was stopped
after the addition of 650 pounds of A1C1 when it was discovered that
impurities and insolubles in the chloride were clogging parts of the
plumbing system. In addition, further analysis indicated that one of
the primary impurities was iron which reduced the hydride concentra-
tion by as much as 50 percent when LiAlH, was added. After clearing
the plumbing of all slurry, the second start was pumped from the
system and placed into storage carboys. No lithium aluminum hydride
was added to the second mixing tank batch.
The plant manager of Stauffer Chemicals plant in Baton Rouge, Louisiana,
was contacted to determine if a higher purity aluminum chloride powder
could be obtained using their process without increasing the cost sig-
nificantly. The answer to this question was that the chemical produced
will vary in impurities with a corresponding variance in color, depend-
ing on the humidity at the time of processing. On high humidity days,
iron rust from the handling equipment tends to be carried along with
the powder. The commercial users of this material are not bothered
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by these trace impurities. The best solution Stauffer could offer
was to try to select the whiter material as processed and packaged
for EOS use. An order for 2000 pounds of new chloride was placed
with Stauffer on the basis that the whitest material available would
be selected.
The third start, using a special third shipment of aluminum chloride
selected for minimum iron impurity, was purchased from Stauffer
Chemical Co. and processed into the mixing tank.
The following is a brief description of the third effort to prepare
aluminum plating solution within the Pomona blockhouse facility.
This solution was prepared using commercial grade anhydrous aluminum
chloride from Stauffer Chemical Co. of Baton Rouse, Louisiana. The
material had a yellowish color rather than the white-gray color
specified. The ether-anisole portion of the plating solution was
added to the mixing tank using normal procedures. The containers
of aluminum chloride were selected and cleaned on the outside imme-
diately prior to placement into the continuous feeder glove box. The
50-pound container was opened inside the glove box and the Aid-
powder fed into the mixing tank at a rate of just over 1 pound per
minute. Four standard eight-hour work shifts were required to add
all of the powder to the mixing tank. No problems were experienced
during the continuous powder feed cycle. The addition of the last
container of aluminum chloride was completed in the late afternoon
of the fourth day. With the assumption that the powder would go
into solution almost immediately, the total mix was allowed to stir
for approximately two hours after the exothermic reaction had stopped,
before being pumped out of the mixing tank and through the solution
filter. This assumption proved to be very much in error.
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In order to filter the solution, the routing was from the mixing tank,
through the pump, filter, heat exchanger, main flow meter, high pressure
solution distribution manifold and into the underground storage tank.
As the solution was being pumped through the above detailed route, the
undissolved chemicals, later estimated at approximately 50 pounds,
accumulated at each bend and restriction throughout the entire route.
Within 20 minutes, essentially the entire blockhouse plumbing system
was plugged with a semi-solid paste. As more nitrogen gas pressure
was applied to the source mixing tank, in an attempt to force the
slurry through the plumbing system, more aluminum chloride would dis-
solve into the pressurized ether. The dissolving process is accom-
panied by an exothermic chemical reaction. The heat generated by this
reaction within the plumbing system drove off the ether as a gas and
resulted in a solid mass of cement-like aluminum chloride remaining
in the plumbing system. The blocked portions of the plumbing system
were disassembled and the blockage was easily removed with a water
wash. The system was reassembled and the new solution was success-
fully pumped through the filters.
A six-liter sample of the partially prepared plating solution was
taken to Pasadena for chemical analysis and sample plating solution
preparation. The chemical analysis for the aluminum content of the
Pomona plating solution indicated a molarity of 3.1M. This was
approximately 20 percent lower than the calculated expected aluminum
molarity. Following the aluminum analysis, lithium aluminum hydride
was added to the 6 liter sample of the Pomona solution to a calculated
level of 0.3M. A hydride analysis of the resultant solution indicated
a molarity of only 50 percent of the calculated expected concentration.
An additional equal amount of LiAlH, was added to the solution which
brought the molarity up to 0.3M. The Pomona solution required double
the normal amount of LiAlH, in order to bring the solution up to the
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desired hydride concentration level. Plated samples were prepared
and they were found to be acceptable. A sample aluminum plating
solution mix was also prepared entirely in Pasadena from the Stauffer
Chemical Company aluminum chloride. The calculated aluminum content
should have been 4.5M. After analysis, the concentration was found
to be 3.6M aluminum. The less than expected result was similar to
that found in the Pomona solution. Next, lithium aluminum hydride
was added to the plating solution mixture. After analysis, the
hydride content was found to be approximately 50 percent lower than
expected. A second equal amount of hydride was added to the Pasadena
mix which brought it up to the required concentration. In both plat-
ing solution mixes, therefore, the aluminum content proved to be sub-
stantially lower than the calculated values and the amount of lithium
aluminum hydride required in each mix was double the calculated values,
All of these solutions were blackish in color rather than the amber or
brown color which is characteristic of this mix when using another
manufacturer's high grade AlCl_. A black fine sand-like insoluble
could be filtered or allowed to settle out of solution but the black
ink color remained.
Three 2 inch by 6 inch flat plate samples were electroformed out of
the Pasadena mix. The tensile test results are shown in table II.
These three samples (20, 21, and 22) were plated successively from
the same bath with no additions. The first plating, sample 20, gave
the highest ultimate strength of any of the samples tested in this
program. The subsequent platings have slightly lower strengths and
higher ductility, apparently due to the depletion of the iron impurity
which increases the strength when codeposited with aluminum.
The solution prepared with this aluminum chloride would be completely
acceptable for use in plating the 5 foot by 5 foot aluminum hollowcore.
In fact, the high strengths achieved would be extremely desirable.
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However, the difficulties associated with the handling and filtering
of the solution due to the insolubles and impurities and the fact that
the impurities tend to react and deplete the hydride concentration,
make the feasibility of continued use of this chloride questionable.
The possibility of using reagent grade anhydrous aluminum chloride was
again investigated and rejected due to the high cost and lack of avail-
ability of large quantities of this material.
After the solution analysis was completed at the Pasadena facility,
the program effort was continued in Pomona. The required amount of
lithium aluminum hydride was added to the third batch of plating solu-
tion. The actual total amount of LiAlH added was 50 percent more than
the calculated quantity needed in order to have a molarity greater than
0.3M. This observation in Pomona agreed with the finding of the small
quantity processed in Pasadena. After extensive stirring and filtering,
it was observed in the filter cartridge that a precipitate of signifi-
cant quantity was falling out of the completed mixture.
It was at this point that the major processing problems started in the
Pomona facility. In the process of repeated filtering the new mixture,
we were able to remove 15 to 20 gallons of a thick brown mud precipitate.
The excessive filtering also required excessive solution pumping. The
movement of 200 gallons or more of ether plating solution in either a
closed circuit pumping mode (out the bottom of a tank, through the
filter and into the top of the same tank) or from one container to
another resulted in gradual evaporation of the di-ethyl ether portion
of the aluminum plating solution. Two typical causes of solution
evaporation during pumping cycles occur when moving solutions that
may vary in viscosity (as when there is a heavy mud present). To move
such solutions it is necessary to establish a pressure differential
between source and receiving tanks. The lower pressure receiving tank
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will tend to promote ether evaporation. Also, as the receiving tank
is filling, it is necessary to constantly vent the pressure buildup
as the tank fills with the liquid solution. The venting operation
will also promote ether evaporation. Because neither the under-
ground storage tank nor the mixing tank have a solution level indi-
cator, the operator does not have any means of determining the extent
of the solution loss due to evaporation. After most of the solids
were filtered from the solution, a chemical and plating analysis was
performed on the end result mixture. The plating solution was found
to be usable. The small 60-gallon tank was set up in the plumbing
system and an 18 inch by 22 inch hollowcore sample was plated out
successfully.
The fourth attempt and last mixing tank batch was prepared with no
trouble with the Aid . The mixing and filtering methods used for
this batch were completely changed so that it was processed with no
difficulty. Seven hundred and fifty pounds of aluminum chloride was
added to the reactor (mixing tank) for this batch. The attempt was
made to have the stirring system run continuously overnight on the
batch, however, the top seal on the stirring shaft would tend to
overheat and leak gasses when it was left on. Therefore, the A1C1«
addition cycle went as follows:
a. Add 200 pounds of powder and stir solution
b. Allow to sit overnight
c. Stir for approximately one-half hour in the morning
d. Filter the partially prepared solution
e. Add second 200 pounds of powder and stir
f. Allow to sit overnight
g. Stir for approximately one-half hour in the morning
h. Filter the partial solution
i. Add third 200 pounds of powder and stir
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j. Allow to sit overnight
k. Stir for approximately one-half hour in the morning
1. Filter the partial solution
m. Add the last 150 pounds of powder to the mixing tank and stir
n. Allow to sit overnight
o. Stir for approximately one-half hour in the morning
p. Filter the partial solution
q. Take a sample of the solution for chemical evaluation
The aluminum chemical analysis proved the solution to be acceptable to
that point. The calculated amount of lithium aluminum hydride was
added to the partial mixture. Again, this calculated quantity proved
to be inadequate. An additional equal amount of LiAlH was added to
the solution which brought the molarity up to 0.35M. The solution
was then filtered and slowly combined with the previous mixing tank
batch stored in the underground tank.
The next day the result of a delayed chemical reaction within the
solution made itself evident by a thick brown mud precipitate begin-
ning to show up in filled filter cartridges. The secondary reaction
was so profuse that the underground storage tank outlet became solidly
plugged. After a series of conventional attempts to unplug the under-
ground outlet, the blockhouse plumbing system was modified in order to
accept an outside source of high pressure nitrogen gas. By reverse
2
pressurizing the underground tank outlet plumbing with 250 Ib/in. of
nitrogen gas, the stoppage was forced back into the 600-gallon capacity
underground storage tank. The total remaining quantity of prepared
solution in the underground storage tank was then pumped and filtered
for the next several days. The facility operators used a case of 60
filter cartridge elements in an attempt to get the heavy precipitate
out of the prepared aluminum plating solution. Each filter cartridge
holds six filter elements and approximately 3 gallons of packed solids
when full.
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As the solution was being cleaned up to a usable level, the new
400-gallon plating tank was being final assembled and pressure tested.
The new tank was designed for heavy duty operation in both a pressure
and vacuum mode. It had very rigid cold-rolled steel walls and top
construction. The new tank was completely coated with Keysite 100
phenolic resin inside and out for complete chemical protection.
Immediately after the aluminum plating solution was prepared, the
program effort was switched to Pasadena for the fabrication of the
aluminum anodes and copper mandrel. The aluminum anode was formed
and completely enclosed within teflon anode plating bags. The 5-foot
by 5-foot copper mandrel had been previously machined with 2465 holes
of 1-1/4 inch diameter. The mandrel was vacuum formed into the
biconvex configuration and then each perforation and supporting
webbing was very carefully hand cleaned mechanically and chemically.
The completed anode-cathode package was wrapped in a plastic cover
and transported to the Pomona facility. The three-piece anode-cathode
package was bolted together with teflon fasteners and lowered into the
new plating tank. The tank top was bolted down. The nitrogen gas,
vacuum, plating solution inlets and outlet tubing and electrical power
cables were attached to the tank. The entire plating tank system was
again pressure tested. Everything at the plating facility appeared
ready to go for the first plating effort in the large plating tank.
The solution was pumped from the underground storage tank through the
filters and into the plating tank. All of the various plating tanks
have solution level sight-glasses. This was the first time the new
400-gallon capacity tank had been connected into the plumbing system
and also the first time the total available solution had been placed
into a single container that had a solution level indicator. To the
alarm of everyone involved, the total amount of solution available
turned out to be not enough to cover the anode-cathode package inside
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the tank. Apparently all the solution pumping, filtering, and heavy
precipitate removal had caused excessive solution evaporation. The
missing amount of solution was calculated to be about 150 gallons.
In an attempt to restore the minimum required aluminum plating solu-
tion volume, 50 gallons of additional di-ethyl ether and 100 gallons
of partially prepared solution from the second mixing batch were
carefully combined with the existing solution. After a short period
of mixing the three new solution components together, 7 gallons of
additional lithium aluminum hydride was slowly combined with the
prepared solution. After further mixing and filtering, a solution
sample was taken from the final mixture and returned to Pasadena for
chemical and plating properties evaluation. After a thorough chemical
analysis, it was determined that 12 gallons of additional LiAlH. was
required in the prepared solution. The 7 gallons of hydride combined
with the plating solution was the last quantity of LiAlH, available
at EOS. If any further aluminum plating were to be done in the Pomona
facility, it would be necessary to purchase an additional amount of
4.1M lithium aluminum hydride. At this point the program was stopped
because of lack of funds for any further aluminum plating development
effort. The plating facility has been closed and the 400 gallons of
plating solution is in the underground storage tank.
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SECTION 8
THERMAL TESTING; SURFACE PROPERTY MEASUREMENTS
8.1 ABSORPTIVITY AND EMISSIVITY
During this reporting period, radiation surface properties (absorptivity
and emissivity) measurements were made on the component materials that
are exposed on the rear or inactive side of a hollowcore solar panel.
The materials tested were Kapton film backed up by actual and simulated
solar cells and electrodeposited aluminum sheet. The electrodeposited
aluminum sheet tested was in "as received" forms, smooth and dendritic,
and both hard and soft anodized. The purpose of these tests was to es-
tablish surface properties for design calculations and to provide data
for evaluating the relative merits of bare and anodized aluminum hollow-
core panels.
A complete list of samples tested is summarized in Table III. As shown,
there were three each of the groups noted above. All samples were
tested on a Quick Emittance Inspection Device (Ref. 1) to obtain an in-
dication of the total data spread and to provide a basis for determining
the most representative sample of each group of three.
The samples selected as being representative of the average of their
group were then measured spectrally. The solar absorptivity was deter-
mined by measuring the spectral reflectance from 0.28 to 25 microns and
integrating over the solar irradiance (Ref. 2) to obtain the solar ab-
sorptivity. The normal emittance was determined in a similar fashion.
Spectral measurements were made and integrated over the 300 K Planckian
Radiator function.
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TABLE III
SAMPLES TESTED
Component Materials
Bare Electroformed Aluminum
Sulfuric Acid Anodized
Electroformed Aluminum
Chromic Acid Anodized
Electroformed Aluminum
Bare Dendritic Electroformed
Aluminum
Kapton Backed with Simulated
Solar Cells
Kapton Backed with Solar Cells
Sample
No's
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
Solar*
Absorptance
0.163
0.343
0.413
0.343
0.53,
Near-Normal Emittance
Quick Emittance
Inspection Device
0.08/
0.074
0.084
0.82g
0.833
0.833
0.784
0.758
0.23 ±0.05™
0.27, ±0.03,
0.874
0.865
0.870
0.88Q
0.880
0.880
Integrated
Spectral
Measurements
0.06
0.833
0.726
0.213
°'
88l
Hemispherical**
Emittance
0.084
0.800
0.708
0.241
0.838
*Samples were selected on basis of QED measurements as representative of their group
for as and eye measurements - see discussion.
**Calculated according to Fig. 2 of Ref. 3.
^Although the accuracy of the measuring instruments does not Justify three significant
figures, the third figure is retained depressed so as to indicate trends.
^Variations of emittance across the test specimen.
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Photographs of the actual and simulated solar cells tested are shown
in Figs. 25 and 26. As shown, the solar cells were simulated by a 0.75
inch diameter aluminum disc. The purpose for simulating the actual
cell was to obtain a configuration that was compatible with the test
equipment, to wit: the 3/4 inch disc. Actual cells were also mounted
on Kapton to serve as an indication of the degree of simulation via the
Quick Emittance Inspection Device.
Results of the measurements are also tabulated in Table III. In the
last column of the table, values are given for Hemispherical Emittance.
These values were obtained by multiplying the spectrally determined
near-normal emittance by the theoretically derived ratio shown in Fig. 2
of Ref. 3. Of particular interest in Table III is the degree to which
the properties of the simulated solar cell configuration matched those
of the actual configuration.
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SECTION 9
BASELINE CONFIGURATION FOR
THREE-PANEL DEPLOYABLE ARRAY
The baseline configuration for the three-section deployable array is
shown in EOS Drawing Nos. 4045-100, fully deployed; 4045-101, stowed;
and 4045-102, partially deployed (Figs. 27 through 29).
The half-panel frame shown in the figures is an extension arm which
serves the following purposes:
a. Deploying the active panels away from the body of the space-
craft to minimize shadowing.
b. Deploying the array from the center of the stowed volume in
a manner which allows the center of gravity of each panel
to move along a straight line away from the body of the
spacecraft.
The deployment-retraction scheme shown in Figs. 28 and 29 use torsion
springs at each hinge location to provide power for deployment. The
deployment is controlled by the rates of payout of cables attached at
each hinge line. When fully deployed, the cables form a guy-wire sys-
tem which increases the stiffness of the deployed array. If retraction
capability is desired, a single motor drive on the cable storage drum
can be used to control the deployment rate and to provide power to re-
wind the cables and retract the array.
Tie downs for the launch configuration will be pyrotechnically released
cables which are independent from the deployment-retraction cable system.
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SECTION 10
FABRICATION OF BERYLLIUM BEAMS
The four beryllium beams, EOS P/N 1121471-1, S/Ns 15, 18, 19, and 20,
were completed and delivered to EOS on 22 July 1970. This work was
performed by Solar Division of International Harvester, San Diego,
California. These four beams will be used in the assembly of the
third 5-foot by 5-foot hollowcore substrate (EOS P/N 1121477). Two
units were assembled using identical beams on th<2 previous program,
Contract NAS7-428.
The eight beams fabricated on the previous program had a nominal wall
thickness of 0.012 inch, on the high side of the 0.010 ±0.002 speci-
fied, and an average weight of 165 grams, with a range from 153 to
174 grams. The intent on this program was to fabricate the beam with
a nominal thickness closer to 0.010 inch and reduce the weight. The
weights of the four beams are:
a. S/N 15 - 144.540 grams
b. S/N 18 - 140.265 grams
c. S/N 19 - 150.682 grams
d. S/N 20 - 151.004 grams
The average weight is 146.623 grams. The total weight of the beryllium
beams in the S/N 003 assembly will be 1.293 pounds compared to 1.408
pounds on S/N 001, and 1.432 pounds on S/N 002.
These beams were fabricated using the procedures and tooling described
in the section titled, Fabrication of Frame Hardware in NASA Report
CR 66832, "Development of Lightweight Solar Panels."
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SECTION 11
MECHANICS OF ARRAY DEPLOYMENT
The cable deployment system will be designed to ensure that the angles
between adjacent panels are equal throughout the deployment sequence.
In Drawing 4045-102 (Fig. 29 ), the array is shown in the position where
the half angle, 9, is 30 or n/6 radians. Keeping the angle between
panels equal causes all panels to reach the final deployed position
simultaneously and maintains control of the envelope of the swept volume.
The general relation for the cable speed as a function of the half angle,
d, and the panel angular velocity, £>, is
0L sine (1 + A cos0)
n
 ,/2(l-cose) + A sin20
* n
where
A.. = 0.0 (for half panel cable)
A_ = 8.0 (for third longest cable)
AC = 24.0 (for second longest cable)
= 48.0 (for cable t
L = half span of panel
A7 o array tip)
The cable speeds required to maintain equal 0 angles with an angular
• *
constant speed, 0 = K, and with an angular speed 0 - K cos6, are plotted
in Figs. 30 and 31, respectively. A constant angular speed produces the
requirement that the cable speeds are positive, and unequal at the fully
deployed position, 9 = 90 . An angular speed proportional to the cosine
of the deployment angle, i.e., Q = K cosO, allows the cable speeds to
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reach zero simultaneously at 0 = 90 . The second approach allows the
use of a single driven cable storage drum which is one of the desired
design conditions.
Further investigations of the cable speed versus deployment angle rela-
tions for different angular speed functions will be performed to deter-
mine the optimum match between equipment capabilities and the perform-
ance requirements.
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SECTION 12
PARAMETRIC ANALYSIS OF ALLOWABLE LOADS
FOR CURVED BEAMS
12.1 DESCRIPTION
The frame, which supports the boundaries of the biconvex hollowcore
substrate, utilizes tubular beryllium beams. The beams must withstand
a large bending moment from a spring which deploys the panel.
Following is a parametric study with the (a) radius of curvature, (b)
tube radius, (c) tube thickness, and (d) length as variables. The
allowable bending moment based on yield strength and buckling criteria
is calculated as a function of these variables.
12.2 STRESS ANALYSIS
The curved tubular beam is loaded with a bending moment and a shear
force as shown in Fig. 32.
M
V
36652
Figure 32. Stress Analysis
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The allowable bending moment is defined as the bending moment which
produces a bending stress, cr, which has a margin of safety of zero on
the material yield strength, using a factor of safety of 1.25.
When a curved beam is bent in the plane of initial curvature, plane
sections remain plane; but, because of the different lengths of fibers
on the inner and outer sides of the beam, the distribution of stress
and strain is not linear. The neutral axis, therefore, does not pass
through the centroid of the section.
The maximum bending stress in curved beams of hollow circular cross
section is
Mr /
3K
where
K = 1 -
10 + 12 (tR/r2)2
6 =
5+6 (tR/r2)2
t = wall thickness, in.
R = radius of curvature of beam
= 160 in.
r = .tube radius, in.
M = bending moment
r- 4 4"1 4
I = 0.785 r - (r-t) in.
*
"Formulas for Stress and Strain," by R. J. Roark, McGraw Hill Book
Company, 4th Edition.
4045-Final 84
This maximum stress, does not occur at the extreme fiber, but at a
distance r^/L/3p from the central axis. Figure 33 is a plot showing the
location of the maximum stress relative to the central axis for dif-
ferent tube radii. The fraction, x, is the ratio of the distance from
the central axis to the outer tube radius. The expression for x is
x =
At x = 1.0, the shell theory and the beam theory are used. In the
beam theory the maximum bending stress is '
f
This maximum stress occurs at the extreme fiber of the tube.
The maximum shear stress for the hollow tube is
2 2
r - y^ (3)
where
V = M/L
L = the projected length of the beam
y = the distance of the maximum bending stress from the
central axis
"Engineering Design," by J. H. Faupel, John Wiley and Sons, Inc.,
1964.
4045-Final . 85
O
«0
1.0
0.9
0.8
0.7
0.6
X 0.5
0.4
0.3
0.2
O.I
0 I L I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Figure 33. Location of Maximum Stress from Central Axis versus
Tube Thickness
4045-Final 86
The shear stress has a parabolic distribution with a maximum value at
the central axis of
T = 2V/A
and zero at the extreme fiber, y = r .
The principal bending stress of the thin wall shell is
MAX
T T~J MAX
substituting (1) and (3) into the above equation
3IK \3IK |Tp;
1 Mr // Mr v* /0 5 Mr ^ . *y5+
 /t=-^: + (-^—n— ;
let
a = a /SFy
M = LLOW
where
a = yield strength of beryllium
= 50,000 psi
SF = safety factor = 1.25
substituting and rearranging
(0,^5r 2 .2
3LI
0.308 ro
M
ALLOW
 IK
y_
 M
~
ALLOW
,
I
" \1.
a .2
y }
25/
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Also substituting into the beam equation (2) for the allowable bending
moment, the resulting equation is
I ay / c\
l
 'ALLOW 1.25r
Figure 8 shows the solution of Eqs. (4) and (5) used in conjunction
with Fig. 7 for the following range of variables:
a. t = 0.004 to 0.030 in.
b. r = 0.5 to 3 in.
c. L = 4, 5, 6 ft.
For r = 0.5, the beam equation (5) is used. A theory transition is
made for r = 1.0 and 1.5 as denoted in Fig. 34.
12.3 STRUCTURAL STABILITY ANALYSIS
Local buckling of a curved beam is produced by the bending stress at
the extreme fiber of the tube. This stress does not always represent
the maximum stress, as discussed in the stress analysis.
The actual stress in the extreme fiber of the curved beam on the con-
cave side is
*
a. = K.ai i
"Formulas for Stress and Strain," by R. J. Roark, McGraw Hill Book
Company, 4th Edition.
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Figure 34. Allowable Bending Moment versus Wall Thickness
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where
i
 2r3 LR-r R
Mr
substituting
*v l~ i n ^ T / i i \ ~ l
(6)
For long cylinders, the buckling stress may be determined from
aCR - 1.3 CE (7)
where
E = Modulus of elasticity for beryllium
= 42.5 x 106 psi
The value of C is found in Fig. 35 with an average value of U = 0.00025,
where U is the unevenness factor. The unevenness factor represents the
initial imperfections of the cylinder.
Equating Eq. (6) to (7) will produce the following critical buckling
moment equation:
M,
TN3783, "Handbook of Structural Stability," Part III - Buckling of
Curved Plates and Shells.
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Figure 36 shows a plot of the buckling equation for different tube
radii. The results are larger than the allowable bending moments in
Fig. 34 which are based on the elastic limit. Thus, the frame for
the panel is strength limited rather than stiffness or buckling
limited.
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4045-Final ' 93
Page intentionally left blank
SECTION 13
CONCLUDING REMARKS AND RECOMMENDATIONS
The primary objective of the program was to develop and demonstrate
the technology required for fabrication of a lightweight-deployable
solar cell array. This work was an extension of technology developed
under Contract NAS7-428 and reported in NASA CR-66832, Development of
Lightweight Solar Panels. The following comments are considered
pertinent:
a. A baseline configuration for a three-section, 75 square foot
folding array with retraction capability was developed which
would utilize electroformed aluminum hollowcore substrates
and beryllium frames.
b. Fabrication of beryllium beams, which required considerable
development in the previous contract, proceeded with little
difficulty in this contract.
c. The three section array was not fabricated, demonstrated,
and tested because of difficulties with impurities in the
aluminum electroforming bath. These impurities, while pre-
venting fabrication of 5 foot by 5 foot hollowcore substrates,
did give ultimate tensile strengths as high as 34,000 psi.
d. From evaluation of mandrel materials for electroforming
aluminum hollowcore substrates, it was concluded that a
copper mandrel with nitric acid etchant is the best system
to use. A procedure was developed, by varying mandrel con-
figuration and acid concentration and temperature, for etch-
ing virtually any size aluminum hollowcore panel completely
free of copper in approximately one hour.
e. From studies performed during preparation of the aluminum
electroforming solution, it was concluded that in order to
predict and control the material characteristics of the
finished electroform, it is necessary to institute in-process
check points in the solution preparation and plating proce-
dures. Procedures were developed for evaluating peroxide
content, water content, total aluminum content, and lithium-
aluminum-hydride content. It is recommended that additional
techniques for solution analysis be refined or developed.
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f. It is recommended that the existing aluminum electroforming
equipment be modified to eliminate leakage and corrosion
problems, to include multiple storage and -continuous filter-
ing systems, and to include pumping systems which allow
pumping with positive pressures.
g. It is recommended that purity of raw materials for the
aluminum electroforming solution, particularly the aluminum
chloride, be carefully controlled.
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